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EXPERIMENTAL PROCEDURES
Purification of Rhodopsin -Bovine rod outer segments were prepared from fresh, dark-adapted retinas, by means of a discontinuous sucrose gradient method and stored at -80°C. Washed rhodopsin membranes were prepared by removing the soluble and membrane-associated proteins from rod outer segment disc membranes by repetitive washes with a low ionic strength buffer and subsequently washed with fatty acid free BSA (18, 19) . The membrane suspension was stored at -80 °C until use.
FTIR Measurements -FTIR samples were prepared by centrifugation (20). In ca. 40 µl of washed membranes (0.3 mM rhodopsin), pH was adjusted by a few µL of diluted NaOH or HCl. The suspension was centrifuged for 25 min at 100,000 g, yielding 2.2 mM rhodopsin in the pellet (from absorption at 500 nm). The buffer solution was removed and the pellet transferred to a 30 mm-diameter temperature controlled transmission cell with two BaF 2 windows and a 5 µm PTFE-gasket. FTIR measurements were performed with a Bruker ifs 66v spectrometer equipped with an LN 2 -cooled HgMnTe-detector (EG&G Judson, J15D-series). Following equilibration for 1 hr, a set of 4 transmission spectra was recorded (see (20) for details). After 20 s illumination with a 150 W fiber-optic light source, filtered through heat (Schott KG2) and 495 nm long-pass filter, a second set of spectra was recorded; sets of spectra were averaged and the M II minus Rh difference spectrum generated (we use the convention that the spectra of the conversion A → B are calculated as B minus A and termed B minus A difference spectrum). Spectra were recorded in the absorbance mode. For photolysis of M II, the sample was illuminated through a band pass filter optics (400 ± 20 nm) resulting from the cut-off characteristics of the fiber-optics and a Schott UG1 filter. After illumination for 30 s, the P (photoreverted M II) minus M II difference spectrum was generated as described above.
To obtain the difference spectra of M III, an M II sample was allowed to decay for 2 hours at room temperature and pH 7. Then spectra were taken from the decay product and the sample was illuminated with green light for 30 s. Subtraction of the decay product spectra (after minus before illumination) yielded the M II´ minus M III difference spectrum.
Throughout this study, we will use the term M II´ when an M II-like species is formed from states other than the rhodopsin ground state.
Flash Photolysis -For flash experiments, aliquots of the FTIR preparation were used. M II was photolysed by a 400 nm light flash (bandwidth ca. 50 nm, Schott BG1) (see (15) for details). To follow the formation of P-products, the absorption change at 540 nm was recorded. This wavelength was chosen to minimize reconversion of the P products (λ max = 4/26/01 bartl-et al-revised 1 6 470-500 nm) to M II´. To monitor the formation of M II, the samples were photolysed by a 500 nm light flash and the absorption change was recorded at 380 nm.
HPLC Analysis -After recording the infrared spectra, samples (Rh, M II, or P, see Fig. 1 ) were removed from the BaF 2 window of the IR-cuvettes and immediately solved in ice-cold ethanol (21) . The solution was stirred (2 min) and the same amount of heptane added. After stirring for another 2 min, the sample was centrifuged (1 min) and the heptanephase immediately analyzed in a Hewlett Packard HPLC device (Series 1050) equipped with a silicagel column (Si 60, 5µ), with 5% diethyl ether/ heptane at a flow rate of 0.5 ml/ min.
Traces are absorption changes at 350 nm and are normalized to total retinal. The procedure to extract retinal oximes was as published (22)(17), but with 10mM hydroxylamine, 10% SDS; mobile phase: 12% diethyl ether/ heptane.
The proportion of each isomer in the samples was determined from the sum of the total peak areas of its syn and anti retinal oximes and calculated according to the following extinction coefficients (ε 360 , in heptane): syn-all-trans, 54,900; anti-all-trans, 51.600; syn-11-cis, 35,000; anti-11-cis, 29,600; syn-13-cis, 49,000 and anti-13-cis, 52,100 (23). 
RESULTS
Extraction of Retinal from Photoreverted Metarhodopsin II (P-product) -
Concentrated rod disc membrane suspensions were placed in transmission FTIR cuvettes (20) and either used directly for UV/ Vis flash photolysis and FTIR difference spectroscopy, or resuspended for retinal extraction and HPLC analysis. To ensure quantitative extraction with retention of configuration, the retinal extraction was performed in the presence of hydroxylamine (17) . Both the syn and the anti forms of retinaloxime were fully resolved. Fig.   1 A shows HPLC traces of both the native retinaldehydes (left) and of retinaloximes formed with hydroylamine (right). Data are from the freshly prepared dark kept samples (Rh), an aliquot after green illumination (20 s, generating M II) and an aliquot after green and subsequent blue illumination (generating the photolysis product of M II, termed P). The relative amounts of retinal extracted from these samples were similar for retinal aldehydes and retinal oximes (Fig. 1A, right) .
In the fresh membranes, most of the extracted chromophore is in the 11-cis form, with a fraction of ca. 13 % ± 3 % (maximum deviation in three experiments, relative to the total retinal) of all-trans-retinal.The green illumination led to virtually complete conversion into M II and a correspondingly higher amount (95 %) of extracted all-trans-retinal (Fig. 1 A) .
Subsequent blue illumination for 30 s photolysed > 60 % of the M II formed, as estimated from the characteristic M II bands in the FTIR difference spectra (see below). It generated a corresponding amount of "photoreverted" P-product with reprotonated retinal Schiff base, as monitored by the red-shifted absorption maximum in the UV/Vis spectra (λ max = 470-500 nm (14) , data not shown). The amount of trans-retinaloxime extracted from the sample after blue light illumination and formation of P-product was slightly lower than in the M II sample ( Fig.   1 A, right) . However, the decrease relative to the trans isomer formed with M II was 25 % at maximum, and not 60 %, as expected from the amount of P-product. The fraction of cis isomers extracted was 16 % and 9 % for 11-and 13-cis, respectively.
To minimize the effect of variable amounts of all-trans retinal in the Rh preparation (freshly prepared dark kept membranes; Fig. 1 A) , the fractions of the retinal isomers were calculated relative to the increase of all-trans-retinal between rhodopsin and M II. were recently assigned to the C-H and N-H in-plane bending vibrations, respectively, of the retinal chromophore in bacteriorhodopsin (25) .
Characterization of P 470 and P 500 -Blue flash photolysis of the FTIR samples ( Fig. 2 A ) reproduced the previous finding on suspensions (14) that P is a mixture of two products with reprotonated Schiff base, P 470 and P 500 (subscripts indicate λ max ). A high affinity C-terminal peptide from the G t α−subunit inhibits the conversion of M II to P 500 , which identifies P 470 as a state that does not interact with G t (15) . At pH 4, the only product formed is P 470 , which enables the separation of both products in the FTIR spectra. Fig. 2 A shows the spectral differences between M II and the P products. The only distinct feature in the P 470 minus M II difference spectrum ( Fig. 2 A) is the positive band at 1558 cm -1 , suggesting that P 470 is structurally similar to M II. This assigns the ensemble of protein bands reflecting deactivation to P 500 and fits to the observation that P 500 but not P 470 is affected by the peptide.
Effect of Extended Illumination -Extended blue illumination in photoequilibrium
(80 % of the initial M II converted into P-products, as defined by the infrared spectrum) produced a steady increase of extracted cis-retinal forms (50 % after 20 min; data not shown). At pH 4 (P 470 present), 11-cis and 13-cis predominated, while at pH 6 (both P 470 and P 500 present), the 7-cis isoform was seen in addition. During the formation of the cis-species in equilibrium, the infrared spectra (of both P 500 and P 470 ) did not change significantly. shows that chromophore/ protein interactions in these two products are reversible in contrast to the rhodopsin → M II conversion (see Fig. 1 B) . seen in the M II minus rhodopsin difference spectrum are reverted in the P 500 minus M II or M II´ minus M III spectra. This demonstrates that the chromophore protein interaction in the M II decay or photolysis products (M III and P 500 , respectively) is not the same as in the ground state. It raises the question which form of the chromophore is actually present in P 500 , and whether a reversal of the cis/ trans isomerization is the trigger that reverses the structural changes seen in the spectra. Not only the spectrometric data but also the retinal extraction data are in conflict with this obvious explanation, because the amount of C 11 -C 12 cis isomer extracted from P 500 was significantly smaller than stoichiometric. Explanations for this latter finding include:
Photoreversibility of the P-products -
Photolysis of the Decay Product of M II, Metarhodopsin III (M III) -
i) P 500 contains the C 11 -C 12 cis isomer, but cis is partially transformed to trans during the extraction procedure.
ii)
The conversions between the M II-and the M III-or P 500 -like products proceed in a two-photon process, involving successive trans/ cis and cis/ trans isomerizations.
iii) The photochemical trigger of the conversion is different from C 11 -C 12 double bond isomerization. its binding site is given by the regeneration of rhodopsin from 11-cis-retinal and opsin apoprotein, which takes seconds (18, 32) .
We therefore come to the conclusion that the third mechanism (iii) must be considered as a real possibility. The data show that not only 11-cis-but also 7-and 13-cisisomers are readily detected by the extraction procedure applied. This makes it unlikely that other persistently formed isomers would have escaped the analysis.
Light-induced Changes in Proteins with C 11 -C 12 Double Bond Locked Retinals -
For the related proton pump bacteriorhodopsin, a light-induced conformational change was found when the protein was regenerated with locked retinal, which cannot isomerize around the C 11 -C 12 double bond. It was discussed that polarization changes in the excited state of the chromophore could trigger a conformational change in the protein that persists even after the the chromophore has returned to the ground state (33, 34) . In a recent study on rhodopsin regenerated with locked retinal, it was shown by retinal extraction and HPLC analysis that the chromophore can undergo light-induced isomerization around bonds other than the locked C 11 -C 12 double bond (11) . In a parallel FTIR analysis, a retinal fingerprint band at 1206 cm -1 appeared, which likely reflects the isomerization, but indications of structural changes or changes of the protonation state of carboxyl groups could not be obtained to any significant degree. It was concluded that light-induced changes in the chromophore do occur but cannot induce the activating structural changes in the opsin moiety of the receptor, when starting from the protonated Schiff base situation in the ground state (11) . A band in the same region appears also in the present reversal or "reverted reversal" spectra (from conversions MII → P or P/M III → M II´, respectively), as part of a chromophore fingerprint, which replaces the normal fingerprint motif around 1238 cm -1 (arising in the forward pathway as a consequence of the steric trigger in Batho/ Lumi and persisting through M I / M II (24)). The presence of the 1206 cm -1 band shows that chomophore alterations other than 11-cis/ trans isomerization do occur in rhodopsin and that they are reflected in the FTIR spectrum.
Mechanism of the Deactivation Switch -Because predominantly all-transretinal was extracted from the photoreverted species, photoisomerization in the majority of P-product formed can only be transient. However, the protein is persistently deactivated, as seen in the spectral changes and in the blockade of the reversal reactions by bound G t peptide (Fig. 2) . It will take more extended analyses to find out how this new path proceeds and how similar P 500 is to Lumi and/ or M III. On the one hand, the new band at 1350 cm -1 is a distinct property of the photoreversible pathway opened by photolysis of M II (Figs. 1 and 3) , and not seen when starting from the ground state of normal or locked retinal (11) . On the other hand, the band at 1206 cm -1 , which appeared in the spectra of the rhodopsin with locked retinal (see above), may be a part of the fingerprint motif in the reversal or "reverted reversal" spectra ( Figs. 1 and 3 ).
What we can state is that, although a different type of chromophore-protein interaction occurs in M III or P 500 , as compared to the ground state, the full set of structural changes appears in the spectra. We propose that, in forming or leaving the active state, the different crucial elements are coupled to each other (like the spokes of an umbrella), so that the entity of transformations can be triggered by different mechanisms. Although in vitro techniques are not sensitive enough to determine the activity of P 500 or M III, it is likely that it is higher than the 11-cis-retinal bound ground state. This would mean that only the 11-cis isomer can impose the stringent constraints that make the ground state so inactive. 
Exclusivity of the Metabolically
